One of the important aspects in the development of new tire compounds is the correlation between the dynamic mechanical properties of the rubber, measured on laboratory scale, and the actual tire performance. The measuring protocol for dynamic mechanical properties with high precision and good correlation with tire properties is therefore of main concern. In order to predict wet traction, the viscoelastic behavior of the rubber materials at high frequencies (in the MHz range) need to be known. Viscoelastic master curves derived from time-temperature superposition can be used to describe the properties of the materials over a wide frequency range.
INTRODUCTION
A tire interacts with the hard road surface by deforming under load, thereby generating the forces needed for traction, cornering, acceleration and braking. It also provides increased cushioning for driving comfort. Traction, especially under wet conditions, is the most important tire property from a safety point of view. Traction is directly related to energy lost in each deformation cycle: each point in the tire passes through a stress-strain cycle once every rotation [1] [2] [3] [4] [5] [6] [7] . Due to the viscoelastic nature of the rubber compound, the deformation leads to energy loss in the form of heat in each cycle. Although it has been stated that the tread pattern and the roughness of the road surface are as important as the loss properties of the tire tread material in determining the skid properties, the current trend is basically to concentrate on the latter for improvements in performance.
In order to predict wet traction, the viscoelastic properties of the rubber materials at high frequencies, in the megahertz (MHz) range, should be measured. Heinrich et al. [8] [9] [10] have done investigations on the wet skid behavior of different polymers and concluded that neither the glass transition of the polymers alone nor their plateau modulus G 0 N gives good correlation with wet skid resistance (WSR). A good correlation is only found when relating the WSR to the viscoelastic behavior of the elastomers in the transition region which is typically in the range of 1 kHz-1 MHz.
In practice, measuring dynamic properties is limited by the accessible frequency range of the instrument. However, the modulus at high frequencies is available via the time-temperature superposition principle. According to this principle, the effect of changing the temperature is the same as applying a shift factor a T to the time scale. The time-temperature superposition for polymeric materials was proposed by Williams, Landel and Ferry in 1955 11, 12 and is generally referred to as the WLF principle. According to this principle, the horizontal shift factor a T is
given by:
where T is temperature and T g is the glass transition temperature. These values only differ slightly from one polymer system to the other.
The WLF principle has been proven to work well for polymers in their molten state, irrespective of whether they are crosslinked or not, as it is based on the free-volume concept 12, 13 .
If fillers are added to these polymers, and most particularly reinforcing fillers like carbon black and silica, the WLF-principle does not work properly anymore. Some overlapping of the curves is then seen in the lower frequency range [14] [15] [16] . The reason is the additional effect of polymerfiller and even more so filler-filler interactions. The latter is commonly designated as the "filler network", for which the free-volume concept obviously does not apply. The overlapping in the low frequency region (or v.v. high temperature region) indicates that the filler network dominates here the dynamic mechanical properties of the filler-rubber composite as the rubber matrix is softer 14 . In order to eliminate these overlapping and receive a proper master curve, vertical shifting is necessary.
The filler network manifests itself in various ways, like the need for an additional vertical shift in the creation of dynamic mechanical mastercurves over the common vertical shift accounting for temperature corresponding density differences, in the non-linear Mullins effect 17- and the Payne effect 20, 21 . An all-inclusive theory relating all these different elements of the behaviour of the filler network does not exist as yet. But all these effects are based on physical principles and therefore should basically respond to temperature variations according to corresponding relatively low activation energies compared to chemically based mechanisms.
The construction of master curves for carbon black and silica reinforced rubbers has been the subject of several experimental as well as theoretical papers already [14] [15] [16] . It is commonly understood that a silica filler-network is even stronger than a carbon black network 21, 22 . In the present paper, the construction of master curves based on the dynamic mechanical experiments for a tire tread rubber compound with varied silica filler-loading is discussed. In addition, strain sweep measurements detailing the Payne effect are presented. Activation energies will be derived from the temperature dependence of the vertical shift in the creation of master curves, resp. of the Payne effect and correlated with the material composition.
EXPERIMENTAL MATERIALS AND COMPOUND PREPARATION
Blends of oil-extended solution styrene-butadiene rubber (S-SBR) and high-cis polybutadiene (BR) with a weight ratio of 70/30 were used in this study. Compounds have been prepared based on the formulations given in Table I Table I .
The compounds were prepared in a 350 ml Brabender 350S internal mixer Operating at 100 rpm with a filling factor 0.7. The total mixing time was 9 minutes while the dump temperature was adjusted to approximately 155 ºC (by changing the initial temperature). The samples were cured in a Wickert press WLP 1600 at 160 ºC to sheets with a thickness of 1. 
RESULTS AND DISCUSSION

MASTER CURVE VIA TIME-TEMPERATURE SUPERPOSITION MEASUREMENTS: HORIZONTAL SHIFT
Time-temperature superposition measurements have been performed on the compounds.
It is basically a frequency sweep at different temperatures for a specified dynamic strain. The raw data for the storage modulus of compound 37S7 were presented in Figure 1 as an example.
To produce master curves for these filler reinforced compounds, first a horizontal shift is done along the frequency axis. The WLF equation has been used to calculate the horizontal shift factor a T according to equation (1) . Tg+50 ºC and the corresponding universal constants were chosen as reference temperature and C 1 and C 2 , respectively. The T g values for different
compounds filled with different amount of filler were almost the same: -49.5±1 ºC. Figure 2 shows the storage modulus after applying the horizontal shifting for the 37S7 sample. The master curve is not smooth and some overlapping of the curves at the low frequency region occurs. The physical origin of this overlapping is the superposition of two relaxation processes, the one of the polymer matrix and that of the filler network 
VERTICAL SHIFT
In order to obtain a proper master curve, vertical shifts are needed to be applied. For unfilled, non-reinforced polymers the vertical shift is commonly applied to account for the density-change of the polymers with temperature. However, because the filler network greatly overrules these polymer effects, it is common to just include these in the vertical shifting without further detailing. The vertical shifting was done numerically by a MATLAB program. During vertical shifting, the curve for the reference temperature were kept unchanged and the other isothermals shifted vertically by respective vertical shift factors b T .
As an example, the storage modulus G′ master curve after horizontal and vertical shifting for the 37S7 sample is shown in Figure 3 . A nice smooth curve is obtained in this manner. By increasing the amount of silica filler from 60 to 80 phr, the storage and loss moduli increase. For the loss tangent tanδ, a crossover is observed, where in the high frequency region, the lowest filler loading gives the highest tanδ, but at low frequencies the order is inversed.
It has been stated before that in the high frequency (low temperature) region, unreinforced gum rubber performs best in terms of WSR. In this region, the transition zone, the polymer chains themselves are responsible for the energy dissipation 24 . By introduction of fillers, the fraction of free polymer chains decreases due to the fact that the polymers near to the filler surface are partly immobilized and act as filler rather than polymer: the occluded rubber concept and/or the concept of a glassy shell around the filler particle 15, [25] [26] [27] . Whether it is a real glassy shell or a greatly reduced mobility of the polymer chains attached to the filler particles, in either case it results in decreased damping in the transition zone and consequently decreased tanδ.
In the low frequency region, the order in tanδ is reversed: the lower the filler content, the lower the tanδ. At a low frequency, when the polymer is largely outside the transition zone, the major source for energy dissipation is the breakdown and reformation of the filler network.
Therefore, a lower tanδ is expected for 37S6 for which the filler network is less developed. It is clear that the filler effect at different temperatures or frequency regions is governed by different mechanisms.
In Figure 7 , the resulting vertical shift factors for the storage modulus for different samples are plotted versus reciprocal temperature: 1/T. A nearly linear correlation with inverse temperature well above the glass transition temperature is obtained, as indicated by the lines inserted in the figure. The slopes of these curves can be interpreted as activation energy of the filler network: E a . Various authors have stated that this activation energy is related to the temperature dependency of glassy shells around the filler particles 14, 15, 23, 26 . The values of the activation energies for both storage and loss modulus are summarized in Table II. FIG. 7. -Vertical shift factor from G′ vs. 1/T at temperatures higher than T ref .
In the linear response region, both storage and loss modulus obey the Kramers-Kronig relations [28] [29] [30] as the values of the activation energies derived from both are practically the same 14 . The differences between the two values of the activation energy are within the error margins of the measurements and calculations.
STRAIN SWEEP MEASUREMENTS
In order to compare the behavior of the filler network in large deformations or in the nonlinear region, strain sweep measurements at different temperatures from 60 to 80 ºC were performed. The results of these measurements for the 37S8 sample are shown in Figures 8 and 9 for the storage and loss moduli, respectively. As seen in Figure 8 , the storage modulus at low amplitudes G′ 0 decreases with temperature, whereas the storage modulus at high amplitudes G′ ∞ remains more or less constant.
Similarly, in Figure 9 the loss modulus shows a temperature dependence for low strain which more or less vanishes at larger strain amplitudes. The peaks in the loss modulus vs. strain amplitude correspond to the strains where the strongest decrease in storage modulus is observed. Figure 10 shows the dependence of the Payne effect in storage modulus for different silica filler loadings, obviously being the more for higher loading. And strain, for high strain the effect of the amount of filler loading practically vanishes.
The difference between the low strain (0.1%) and high strain (80%) storage modulus, as a measure of the Payne effect, as dependent on temperature can now be used to establish an alternative Arrhenius type activation energy for the silica filler network 26, 27, 32, 33 . Figure 11 gives an example for the 80 phr-loaded compound, where the natural logarithm of this Payne effect for the storage modulus is plotted against reciprocal temperature. Making use of least square fitting a straight line is drawn through the points in the figure, of which the slope gives the activation energy. This can be applied for the loss modulus as well. The activation energies derived from both, storage and loss moduli, are summarized in Table II The higher activation energy in case of loss modulus can be attributed to the fact that loss modulus is correlated to the filler-filler contacts which undergo break down and reformation during the dynamic oscillation. Whereas storage modulus is related to virgin, intact filler-filler bonds 14, 16 .
COMPARISON BETWEEN THE DIFFERENT METHODS
In order to compare the previous results, the activation energies derived from both methods, the vertical shift factor and strain sweep measurements, are shown in Figure 12 
